In situ measurements of the stress are reported, and the magnetoelastic contribution to the magnetic anisotropy is clarified, in Co/Pd multilayer films prepared by dc magnetron sputtering. The stress was varied between 2.36X lOlo and 4.22X10" dyn/cm' in the Co sublayer of the film with an abrupt drop of the stress in the Co sublayer thicker than about 5 A. This abrupt change seems to be related with a structural transition of a coherent-to-incoherent matching at the interface with thickening the sublayer. The stress-induced anisotropy of the samples having perpendicular magnetic anisotropy is found to be 40%-80%, compared to Neel's surface anisotropy.
I. INTRODUCTION
Co-based multilayer films are of great interest today because of their novel properties and potential technical applications.172 In particular, the perpendicular magnetic anisotropy observed in those materials has been attracting wide attention for the application of the materials to magnetic and magneto-optical recording. Co/Pd multilayer films have been reported to show the perpendicular magnetic anisotropy for the samples having a Co sublayer thinner than about 8 A and Pd sublayer thicker than about 5 A.a-6 The perpendicular magnetic anisotropy in this system is generally believed to be related to the change in the magnetic anisotropy of the interfacial atoms as a consequence of the reduced symmetry in their surroundings, as Ndel first suggested.7 However, recent studies have indicated that the stress-induced magnetic anisotropy also plays a role, especially for the samples prepared by sputtering.5 In this article, we report in situ measurements of the stress and clarify the magnetoelastic contribution to the magnetic anisotropy in Co/Pd multilayer films.
II. EXPERIMENT
Co/Pd multilayer films were prepared by dc magnetron sputtering from 2-in.-diam Co and Pd targets on 4-cm-long, l.l-cm-wide, and 130~pm-thick glass substrates at the Ar sputtering pressure of 10 mTorr. The distance between the substrate and the sputtering source was 12.7 cm. An edge of the substrate was fixed by a cantilever holder. The multilayer structure was achieved by alternately exposing the substrate to two sputtering sources via a reciprocating shutter. Typical deposition rates of Co and Pd were 0.53 and 0.81 AIs, respectively.
The stress of a multilayer film was measured in situ during the deposition using a homemade optical displacement detection system as depicted in Fig. 1 . A displacement sensor, composed of 38 optical fibers of 50 pm core diameter, was installed behind the free end of the substrate. The back side of the substrate was coated by lOOO-A-thick Al to enhance the reflectivity. A change in the gap distance between the sensor and the substrate, caused by the stress of a deposited film, was detected by measuring a corresponding change in the reflectivity from the back side of the substrate. The sensitivity of the displacement sensor used in this study was 0.059 Vlpm and it turned out to be good enough to detect the stress caused by a deposition of a monatomic layer of Co or Pd. The multilayer structure was examined by low-and highangle x-ray diffractometry. The magnetization was measured by a vibrating sample magnetometer (VSM) and the magnetic anisotropy was measured using a torque magnetometer at an applied field of 10 kOe.
Ill. RESULTS AND DISCUSSION
All samples in this study developed low-angle x-raydiffraction peaks irrespective of the sublayer thickness, which suggests the existence of the multilayer structure in those samples. High-angle x-ray-diffraction studies revealed that the samples were polycrystalline grown along the [ill] cubic orientation. Figure 2 shows a typical results of in situ measurement of the gap distance between the substrate and the optical probe with the deposition time for the sample having S-Athick Co sublayers and g-A-thick Pd sublayers. The positive slope for the Co sublayer implies the existence of a tensile stress in the layer,. while, the negative slope for the Pd sublayer implies a compressive stress in the layer. This result is as expected, since the d spacing of the (111) matching plane of Co is 9.9% smaller than that of Pd; however, it is interHalogen Lamp @.. esting to note that the slopes of the Co and Pd sublayers are changed with increasing sublayer thickness. To see the variation of the stress with the sublayer thickness, we calculate the stress existed in each sublayer using the well-known Stoney formula' as follows:
where E,, us, I, and t, are Young's modulus, Poissons's ratio, and the length and thickness of a substrate, respectively, Ad is the change of the gap distance and Atf is the change of the film thickness. E,=1.51X1012 dyn/cm*, v, =0.3,1= 3 cm, and t, = 130 pm are used in the calculation. Using Eq.
(1) we plot the stress as .a function of the sublayer of Co and Pd in Fig. 3 . Since the Co sublayer was deposited lirst, the Co sublayers are expressed by the odd numbers and the Pd sublayers by the even numbers. Interestingly enough, we have observed that the stress of the Co/Pd multilayer film was suddenly dropped with increasing the Co sublayer thickness. Figure 4 shows a plot of the stress versus the Co sublayer thickness for a series of the samples having a constant Pd sublayer thickness of 9 A. A distinct drop in the stress can be seen when the Co sublayer thickness is larger than about 5 A. Since the samples were prepared on the same glass substrates at the same sputtering conditions, the contribution other than the lattice mismatch to the stress of the film should be the same. Therefore, a sudden drop in the stress is believed to be related with a structural change from a coherent to incoherent interfacial matching between Co and Pd sublayers with increasing the Co sublayer thickness. The critical thickness for a coherency-incoherency transition observed in our sample agrees with a theoretical value of -5 ii estimated by den 6088 . error bar corresponds to the root-mean-square deviation of the mean stress of the Nth sublayer, which was obtained by taking the derivative at 100 points in each sublayer in Fig. 2 . The stress in a multilayer film is mainly caused by two origins: an adhesion of the film to the substrate and the lattice mismatch between two dissimilar adjacent sublayers. The behavior of the stress with the sublayer thickness in Fig. 3 implies that an influence of the substrate yields a tensile stress with a maximum of 2.OOX1O'o dyn/cm2 'in the sublayer, possibly due to a smaller thermal-expansion coefficient of the glass substrate than the Co/Pd multilayer. This effect is monotonically decreased and seems to be negligible when the film is thicker than about 100 A. Therefore, that a very small compressive stress observed in the first several Pd sublayers is not surprising; in this thickness range the tensile stress due to the substrate is appended to a compressive stress caused by the lattice mismatch. From Fig. 3 we note that the lattice mismatch between Co and Pd layers yields a 2.36X10" dyn/cm* tensile stress for the Co sublayer and a 1.81X1O1o dyn/cm2 compressive stress for the Pd sublayer in this particular sample, which is larger than the stress of e-beam-evaporated samples.g Broeder and co-workers. ' The structural transition is under investigation by transmission x-ray diffractometry and will be published elsewhere.
In our system the perpendicular magnetic anisotropy exists for the samples having a Co sublayer thinner than about 8 A as seen in Fig. 5 . The anisotropy energy K, associated with a multilayer can be described phenomenologically" as K,=2K&,,fK, , where KS is the interface anisotropy and K, is the volume anisotropy. For a coherent multilayer KS is only due to Neel's surface anisotropy and the strain-induced anisotropy is contained in K, ; however, for an incoherent case the misfit strain anisotropy may contribute to KS .l When the lattice mismatch is much larger than the magnetostriction coefficient as in Co/Pd multilayers the stressinduced magnetic anisotropy energy K,, is given by" Kx=-$b--co, (2) where h is the magnetostriction coefficient and cc0 is the stress of the Co sublayer. Because of a negative h for Co/Pd multilayers I1 the strained Co sublayer yields a positive perpendicular anisotropy energy. In Fig. 5 the stress-induced anisotropy Kk is plotted, together with the magnetic anisotropy energy K, . As seen in the figure, K, of -3.11X106 and -l.87X106 erg/cm3 are obtained for the coherent and incoherent samples, respectively. The Ndel surface anisotropy KN in our samples, obtained from a plot of Kutc, vs tco is estimated 0.16 erg/cm'. The contribution of K, to Ku for the samples showing perpendicular magnetic anisotropy is estimated to be between 2.7X106 and 8X106 erg/ems. Hence, the magnetoelastic contribution to the perpendicular magnetic anisotropy is 40%-80% in comparison with the contribution by Neel's surface anisotropy.
IV. CONCLUSIONS
We have investigated the effect of the stress on the magnetic anisotropy in Co/Pd multilayer films prepared by dc sputtering. In situ measurements of the stress have revealed that multilayers had a tensile stress of 2.36X1O1o-4.22XlO1o dyn/cm2 in the Co sublayers. An abrupt reduction of the stress was observed when the Co sublayer thickness was larger than 5 A, which is believed to be caused by a coherent-to-incoherent transition. It was found that for the perpendicular magnetic anisotropy of our samples, the magnetoelastic contribution due to the lattice mismatch is much comparable to the contribution by Neel's 
